[l. " A*FI RST EXERCISE I N ASSESSI NG THE BENEFI TS
OF CONTROLLING ACID PRECI PI TATI ON

| ntroduction

In this chapter we undertake a first exercise in assessing the econonic
i npacts of acid precipitation or acidifying deposition, given that it occurs
at above-background |evels. The main benefit of the construction, fromthe
authors' perspective, has been to serve as a |learning and organizing device
about the state of natural science know edge of acid precipitation effects
upon life and property. W have concluded that the state of this know edge is
very inconplete, both in terns of enpirically testable propositions derived
from a broadly enconpassing anal ytical structure as well as in quantitative
bits of information that have been related to or associated with each other
Under these circunstances, it is tenpting for the econonmist to plead the
near-inpossibility of his task, as if the natural scientist were responsible
for anv failings of the economist’'s attenpts to value the effects. On sone
occasions, the plea is valid. On this occasion, ‘it is, on balance, invalid.
The reasons are two.

First, whatever the available research tinme and resources, econonic
anal ysis generally does not yet know how to assess quantitatively disruptions

in ecosystem functions having major and broad economic inpacts. [ Bui | di ng
upon Scarf’'s (1973) work, Shoven and Whalley (1977), King (1980), and a few
others show that the truth of this statenent could be short-lived]. If the

impacts of acid precipitation upon ecosystem nutrient storage, detrital decav,
succession patterns, genetic pools, etc., are as dire as some natura
scientists predict, and if alterations in these functions can legitimately be
viewed as changes in natura l transformation processes (production
technol ogies), then a full econom c assessnent may be anal ogous to conparing
the welfare of the 18th century Jeffersonian yeoman farner with his nodern
agricultural corporate clone: the worlds in which the two live(d) are so
vastly different that neither the nodern nor the Jeffersonian man coul d
conprehend nost of the opportunities and dangers fanmiliar to the other. It is
questionabl e whether the conparison would be econonically neaningful
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The second reason why the blane for the economic limtations of the
content that follows cannot be shifted to the natural scientist is because, in
principle, it is both possible and practical to value many, perhaps nost, of
the effects of acid precipitation. The task is substantial but neverthel ess
acconpl i shabl e. Econonists who read this chapter will recognize that only the
most el enentary economni ¢ anal ysi s has been perforned. In particular, we have
general |y resorted”to”an assunption throughout that acid precipitation affects
only the yields from existing sets of economc activities. W, therefore,
have, with only a few exceptions, disregarded any potential price effects, as
wel | as changes in activity and location patterns. Finally, we have nothing
to say for now about the econonmic inplications of |arger questions on changes
inlifestyle, possibly unacceptable risks due to the destruction of life
support systens, and the welfare of future generations. Ef fects on these
| arger questions, as well as those involving changes in activity and |ocation
patterns, are nost likely to be generated by the buffering stock depletion

impacts of acid precipitation. It is these stock depletion effects that, as
was indicated in Chapter 1, econonmically distinguish acid precipitation
effects from traditional analyses of pollution effects. In a later

theoretical chapter, we will view these stock depletion effects as anal ogous

to drawdowns in the biogeochemical energy available to a geographic |ocation.

In this chapter, so as to renind the reader that we do not view effects on the
yields of current econonic activities as the sole effect of acid precipitation
worthy of economic attention, we present a brief treatment of the inpact of

acid precipitation on the buffering capacities of natural ecosystemns.

Depl etion of the Stock of Buffering Capacity

After deposition, the effects of acidifying conmponents depend on sensi-
tivities of the environnents where the deposition occurs. This sensitivity is
largely determined by the abilities of the depositional surface to buffer
hydrogen ion additions. In turn, environnental buffering abilities initially
depend on the bedrock and geol ogical. history of the region. Bedr ock of
vol canic or igneous origin tend to be lowin nost minerals inmportant in
buffering [Dillion and Kirchner, (1975)]. Over geologic tine, the inportance
of the bedrock is noderated by glaciation, weathering and other soil building

processes.

Buffering in soil systens is prinmarily acconplished through cation ex-
changes between soil solutions and colloidal clay and hunus particles, also
cal l ed micelles [Buckman and Brady, (1960)]. These micelles are negatively
charged and, therefore, attract positively charged cations which enter soil
solutions during soil nineralizati.on, for exanple. Cations which are comonly
adsorbed onto micelles in order of increasing affinity for micelle adsorption
are:  sodium potassium magnesium calcium alumnum and hydrogen. Increas-
ing concentrations of hydrogen ions in soil solutions, as would occur with
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incident acidifying depositions, shift the equilibrium between the soil

sol ution and the micelles such that additional hydrogen ions beconme adsorbed
onto micelles, thus displacing cations having less affinity. Adding line to
soils causes concentrations of hydrogen. ions in soil solutions to decrease as
they react with the calciumions. This shifts the equilibrium between soil
solution and micelles: hydrogen ions desorb and calcium ions adsorb onto
micelles. o

The second mmjor environnental buffering system the primary buffering
nechani sm for aquatic environnents, is the carbonate-bicarbonate system
Wiile this systemis also present in soil environments, it is generally of
relatively mnor inportance [Buckman and Brady, (1960)]. In aquatic environ-
ments, the abilities of the carbonate-bicarbonate buffering system are
nornmal |y neasured by alkalinity deternminations [Sawyer and MCarty, (1967)].
Buf fering capabilities develop as carbon dioxide dissolves in water. The
carbon dioxide reacts with water to form carbonic acid which dissociates to
form bicarbonates and hydrogen ions. Bicarbonates can then further dissociate
to carbonate and hydrogen ions. Additions of hydrogen ions to the aquatic
envi ronnent will reverse this process and, with continued additions, carbon
dioxide can eventually be released fromthe water.

Continued deposition of acidifying substances in ecosystens will cause
buffering capacities to decrease as exchangeable ions, carbonates, bicarbonates

and, eventually, pH values decrease. Simul taneously, titratable acidity,
hydrogen ion concentrations and associated anions such as sul fates and
nitrates increase. Also, mneralization rates of soil particles will increase

with hydrogen ion additions and counter, at least for short periods, the
effects of acidification [Minmer, (1.976)].

The frequencies and durations of acidifying depositional events wll
affect the severity and rate of ecosystem changes. However, as eposodic acid
contributions continue, a systems buffering capacity is continually reduced
and its hydrogen ion concentration increased. As the pH continues to
decrease, the inpacts on the ecosystem increase and the inportance of the
epi sodi ¢ frequency of the acidifying contributions in defining ecosystem
i mpacts decreases.

Sufficient additions of acidic water to soil systens can cause the cation
rel eased through ion exchange buffering to | each fromthe system The
decreased pH can have additional effects on soil chem stry [Buchman and Brady,
(1960), Mainmer, (1976)]. As soil pH decreases below 8.0, the anounts of
al umi num iron, and nmanganese increase in soil solutions. At |ow pH |evels,
concentrations of these conpounds can becone toxic; and as concentrations of
t hese dissolved compounds increase, they can react to fix phosphates as
i nsol ubl e hydroxyl - phosphat es. In such a conplex this valuable nutrient is
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not available for plant use.

Aci di fying depositions enter aquatic ecosystenms directly through surface
deposition and indirectly through watershed runoff. Increases in the acidity
of rivers and | akes occurs with acid precipitation events. But, depending on
the buffering ability.of the water, such changes may be relatively snall and
short in duration. Mre substantial acidity increases of |onger duration can
acconmpany spring snowmelt. These changes can be particularly dramatic when
the snowpack melts rapidly [Likens et al., (1977)]. At such times, the pH of
surface waters can decline to about 3.0 [Shaw, (1979)]. G essing et al
(1976) noted that when spring meltwaters are | ess dense than |ake waters
(water has a maxi mum density at 400), t he meltwaters tend to flow over the
surface waters of the |ake and therefore do not mx with |ake waters. During
such tines, waters having elevated acidities are discharged from |l akes to
produce maxi mum inpacts on stream ecosystems. Runoff to | akes at other tinmes
of the vear generally mixes with lake waters, |essening the inpacts on
streans.

The influences of acidifying depositions on the chenmistries of natural
waters are simlar to the effects produced on soils. Increasing the hydrogen
ion concentration reduces the aquatic system s buffering abilities, increases
solubilities of metals, conplexes phosphates, etc. Conti nued addition of
hydrogen ions causes carbonates and bicarbonates to be converted to carbon
dioxide and water [Lewis and Gant, (1979)]. Carbon dioxide can then be |ost
to the atnosphere or dissolved concentrations can accunulate to |evels which
are directly lethal to aquatic organisns [EIFAC, (1969)]. Precipitation of
normal suspended silt |oads has al so been noted for streams having increased
hydrogen ion loading rates [Parsons, (1965)].

Studies of effects from acidifying depositions have shown the inportance
of buffering capacities in determining the constituents flushed out of water-
sheds. Oten the input of hydrogen ions is adsorbed by the watershed eco-
system and no significant increase in hydrogen ion or other cation concentra-
tions is observed in aquatic systemoutputs (e.g., Lewis and Grant, 1979). In
ot her cases, the uptake of hydrogen ions by the watershed results in an
increase in the output of other cations from the watershed. For exanpl e,
Gjessing et al. (1976) report that outputs of calcium magnesium and al um num
ions from nine watersheds in Norway were proportional to inputs of hydrogen
i ons. In contrast, Lewis and Grant (1979) noted no significant change in
outputs of calcium nagnesium sodium potassium phosphate, or hydrogen ions
acconpanyi ng increased hydrogen ion inputs to a Col orado, USA, watershed
I ncreased outputs were observed for sulfate, nitrate, ammonia and dissol ved
organic nmatter, while decreased outputs of bicarbonate were proportional to
increased hydrogen ion inputs. Variations in output responses anong the
Norway and Col orado watersheds suggest that different buffering systens are
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responding to the hydrogen ion inputs. The Norway watersheds appear to buffer
primarily through cation exchange, primarily a terrestrial system while the
Col orado watershed appears to buffer primarily through reactions with

bi car bonat e. As both the Norway and Col orado watersheds are of granitic
origin, variations in the buffering systems may reflect the relatively |onger
time which Norway has been exposed to acidifying depositions. Wth continued
additions of- acidsy bicarbonate buffering systems becone exhausted causing
buffering to become increasingly dependent on cation exchange

Know edge of buffering capacities is helpful in sorting out habitat
i npacts of hydrogen ion inputs frominpacts of other chemical constituents
associated with acidifying depositions. Taken together, variabilities in
depositional conposition and node as well as receptor buffering can be used to
di scrimnate anobng these effects. In poorly buffered systens, depositional
i npacts tend to be nore related to pH effects because of the |ow masses of SO
and NO required to generate pH changes. Tn well buffered systems, the masses
of SO “and NO necessary to generate pH changes are relatively larger and

consequently, % nfluences of ot her conpounds tend to be enhanced. Thus, wel
buffered systens tend to respond nore to conponents other than hydrogen ions

in both wet and dry acidifying depositions; this relationship will tend to be
mai ntained until the buffering capacity of the systemis exhausted. Wth
poorly buffered terrestrial systems, wet depositions will tend to have
conf ounded responses to both hydrogen ion concentrations and ot her
depositional contents until pH effects overwhel m other responses. Dry
depositions to poorly buffered terrestrial systens will tend to cause
responses prinarily attributable to the depositional. conpound (e.g., SO or
NOX);in some instances biochemical transformation and utilization of the
conpounds will generate accunul ations of hydrogen ions causing pH effects to
predom nate eventually. Needless-to-say, poorly buffered aquatic systems will
have simlar responses to both wet and dry depositions as dry depositions
essentially becone wet deposition upon entrance into the aquatic system
These responses will be simlar to wet depositions in poorly buffered
terrestrial systens.

Agricultural Effects

Low-pH precipitation can affect crop yields in two ways. First, as it
percol ates through the soil column it accel erates the natural tendency of
water to |each organic and nmineral soil conponents from the root zone. At the
same tinme, it reduces the soil pH level in this zone, thus making nutrients
| ess available and toxic metals, such as soluble alumnum and iron, nore

available to plants. In addition, reduced soil pH |evels can cause declines
in mcrobe populations that break organic matter down into forms useful for
pl ants. In the absence of this breaking down, the organic matter can accum-

ulate and seal the upper layers of the surface while pernitting various plant
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toxins to be forned fromthe matter. The result for all these inpacts is
reduced growth and yields for plants |located on the acidified soils [Buchman
and Brady (1960)]. According to Schwartz and Follett, (1979, p. 2) the
“preferred soil pH range for maxi mum growth” varies between 5.5 and 7.0 for
nost commercially inportant crops, e.g., clover, barley, corn, grasses, and
soybeans. However.. this is by no means universal across crops, since the
interval for alfalfa is 6.2 - 7.5; for asparagus and lettuce, it is 6.0 - 7.0;
for blueberries and sweet potatoes, it is 5.0 - 5.7, for white potatoes, it is
5.0 - 5.4; and for cotton, it is 5.5 - 6.5. In the agricultural regions east
of the Mssissippi River, soil acidity levels frequently fall below these
“maxi num growth” intervals because of the region’s high rainfall and because
of grower soil additions of inorganic fertilizers. Consequently, it is a
st anddr™d gyromix p;fﬁé:ét'lf;a calcitic or dolomitic ground |inestone with
t he soil periodically.= ‘Thijx practice returns the soil to sonething
resenbling its original state in terns of the availability of nutrients and
toxic netals to plants. It also increases the sizes and the variety of

m crobe popul ations. W have found no evidence that the econonics of |ining
causes farners to fail to return soils to an approxination of the aforenen-
tioned state.

In a verbal comunication, N.R. @ass (1979) of the United States
Environnental Protection Agency has stated that if all the sulfur dioxide
emtted annually east of the Mssissippi River were to fall as acid
precipitation on the agricultural soils of the region, “. . . a five percent
increase in limng would be required.” According to a verbal report on
January 17, 1980, from Dr. Ed Strobe, Professor of Agronony at Chio State
University, the 1979 cost of limng, including spreading, in the Chio Vallev
region is $6 to $8 per ton. Raising soil pH to 6.0 for nost cropping systens
(e.g., alfalfa, clover, corn) on average mineral soils requires the
application of 2to 3 tons of |line per acre every 4 to 5 years. There is
substantial variation across soil types, however, as Buchman and Brady (1960,
p. 419) show. In the 1970’s according to the U S. Department of Agriculture
(various issues), the annual consumpiion of pulverized line in the United
States varied froma low of 26.7 x 10 tons in 1972, to a high of 39.8 x 10
tons in 1976. In real terms, its price, independent of the cost for
spreadi ng, was consistently around $3 per ton in 1978 dollars, with the 1972
price being $3.14 and the 1976 price being $3.08. It seens unlikely,
therefore, that a five percent increase in biological linming requirenents
woul d have much of an effect on either the cost of limng or on the farmer’'s
perceptions of the econonically optimal anounts of lime to spread.

Table 1 gives the average acreages, yields, and values of eight major
field crops for 1975-77. In addition to Mnnesota and the states east of the
M ssissippi River, lowa and Mssouri are included. Wth the exception of
pot at oes, the eight crops listed are the najor field crops produced in the
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TABLE 2.1

Average Acreage, Production and Goss Value for Selected Conmodities, by Region and Total, 1975-77 Crop Year.

USDA Production Regions

A alachian—l-/ Delta—z-/ Corn Belté/ Northeast:i/ SoutheastS-/ Total
Acres  Prod. Value Acres. Prod. Value Acres (MPrI(IJ?'ons) Val ue Acres Prod. Value Acres Prod. | value ACres Total

heat 1.09 35.50 95.50 0.72 25.20 63. 20 6.41 254.80 713.70 0.71 24.80 17.11 0.34 9.50 26. 90 9.26  973.40
5 1N 4,35 284.50 71550 0.26 12.30 27.20  36.10 3513.80 7740.30 2.59 218.90  500.00 3.30 172.80 390.70  46.60 9373.70
arley 0.20 8.60 12.75 0.04 1.62 2.38 2.62 12.50 19.41 0.04 1.01 1.44 2.90 36. 00
>rghum 0.14 7.12 14.70  0.31 14.80 29. 30 0.79 50.20 93.50 - 0.08 2.93 6. 34 1.32  143.90
st ton 0.40 0.31 78.30 2.60 2.60 696.80 0.24 0.20 51.50 - 0.73 0.58 160, 70 4,00 987.30
ugar Beets 0.03 0.62 15.50 0.01 0.02 0.34 0.03 15. 80
obacco 0.80 1623.30 1792.10 6/ 0.09 0.11 0.02 46.10 50.90 0.04  366.65 52.28 0.16 324.00 356. 90 1.01 2252.30
bybeans 4,83 116.70 683.60 10.20 230.40 1370.80 11.84 113.90 4978.70 0.74 18.80 107.20 3.10 87.80 508.20  30.20 “7648.40
1falfa 0.47 1.22 67.50 0.09 0.23 12.80 4,02 12.50 692.50 2.08 5.46  305.70 6. 66 78.50
btal 12.30 ) 3460.00 14.20 7/ 2200.30  59.50 7/ 14339.00 8.80 a/ 1002.10 7.80 7/ 1451.20 102.60 22452.60

Source:  USDA Agricultural Statistics, 1978. Washington, b.c. 1979

L/| ncludes states of Kentucky, North Carolina, Tennessee, Virginia and West Virginia.

2/ " * “ Arkansas, Mssissippi and Louisiana.

3/ " " "™ [llinois, Indiana, lowa, Mssouri and Chio.

4 " " “ Delaware, Mine, Maryland, Massachusetts, New Hanpshire, New Jersey, New York, Pennsylvania , Rhode Island and Vermont.

3/ " * “ Aabama, Florida, Georgia and South Carolina.

—6/Less than one thousand acres.

llqifferent units of neasurement for production preclude aggregation. Specifically, wheat, corn, barley, sorghum and soybeans are measured
in bushels, tobacco in pounds, sugar beets and alfalfa in tons and cotton in bales (500 pounds).
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indi cated subregions. The range of tolerances to acidified soils for these
crops varies fromhighly sensitive (alfalfa) to noderately tolerant (corn).
Pot at oes are not included because of their relatively high tolerance for
acidified soils (pH = 5.0 - 5.4, as previously noted). Table 1 indicates the
substantial magnitude of agricultural activity in these five subregions
individually and in the aggregate. The eight field crops in the subregions
account for 38 percent of the total harvested acreage of nearly all crops in
the United States, with the Corn Belt subregion conprising the single |argest
area of crop land. Furthernore, these eight crops assume a donminant role in
United States agricultural exports. In ternms of gross “on-farni value, the
$24 x 10" in receipts represents 25 percent of the total value of all agri-
cultural comodities, including livestock, produced in the United States. In
ternms of individual crops, corn represents the single |argest conponent of
gross value, foll owed by soybeans.

Assuming that the 117.35 x 10°acres of the field crops in Table 1 would
annual ly require the application of 0.40 to 0.75 tons per acre of pulverized
lime in the absence of acid precipitation, anywhere from 46.94 x 10°to 88.01
X 10" tons would be used each year. The lower bound of this interval exceeds
t he maxi mum anount (39.83 x 10 tons) ever used for agricultural purposes in
the entire United States. W, therefore, assune that annual use in the region
of interest in the absence of acid precipitation would be 35 x 10° tons.
Thus, if acid precipitation were to add 5 percent to the quagtities of line
farmers in the region choose to use, an additional 1.7 x 10 tons would be
applied. At $6 to $8 per ton in 1978, the annual. cost 0f purchasing and
applying the line would be $10.50 x 10°to $14.00 x 10 . This estimate, which
is probably exaggerated for several obvious reasons, should, however, be
contrasted with the estimate of the Commi ssion on Natural Resources of the
National Academy of Sciences (197 , p. 178). The latter enployed a 197 cost ,
i ncluding spreading, of $14 to $18 per ton for an additional 12 x 10" tons of
lime to counter only the effects of acidifying atnospheric depositions.
Implicitly, this presumes that from farners’ decisionmaking perspectives,
one-third as much lime is required to counter the soil-acidifying effects of
t hese depositions as is required to counter the soil-acidifying effects of
inorganic fertilizers and reasonably pristine precipitation.

In addition =to its soil acidifying effects, acid precipitation can
directly harm plants by causing foliar necrosis, reduction of |eaf area
| eaching of |eaf surface minerals, and cuticular erosion as the plant foliage
intercepts the precipitation [Cowing (1978, pp. 49-50)]. The seriousness of
these effects in terns of yields is thought to differ wdely across plant
species and across different |life stages of the same plant. However, unless
one is willing to nake rather tenuous analogies with the well-known effects of
sul fur oxides [Conmittee on Sul fur Oxides (1978, pp. 80-129)], there appears
to be only nminimal know edge about the effects of acid precipitation upon crop
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yi el ds. The two most commonly cited studies referring specifically to acid
rain effects on yields seemto be Ferenbaugh's (1976) research on pinto beans,
and a degradation in the exterior appearance of Yellow Delicious apples that
Cowl ing (1978, p.59) nentions. These results are hardly a sufficient basis
for any analysis, sophisticated or otherwise, of the econonic inpact of the
direct effects of acid precipitation upon agricultural yields. Dose response
functions on a greﬁté} variety of crops are expected to be available soon,
however . The United States-Canada Research Consultation G oup on the
long-Range Transport of Air Pollutants (undated, p. 19) reports that results
from studies of the sensitivity of field crops to sinulated acid precipitation
were to be made public in the spring of 1980. In the neantine, the
Consultation Goup (p. 19) states that * there is every indication that
acid rainfall is deleterious to crops,” and that there is “... the potentia
for w despread econonic damage to a nunber of field crops.”

In spite of the current absence of dose-response data to do either an
unsophi sticated or a sophisticated econonic analysis of the direct effects of
acid precipitation upon crop yields, one might hazard a guess about the
magni t ude of the “potential” for w despread econonic damage by drawi ng anal -
ogies with other cropping systens that are known to have been exposed to
continuing high levels of air pollution. If the forns of representative plant
responses and representative farmers’ decisions based on these responses are
roughly simlar across types of air pollutants, conbinations of crop types,
and geographi cal areas, the hazarded guess would have some basis in reality.

Adans, et al. (1979) have studied the econonic effects of photochemical
oxi dants in southern California upon twelve vegetable and two field crops.
Their study took into account differences in the tolerances of the yields of
the various included crops to oxidant exposures, changes in cropping patterns
i nput substitutions, and |ocational changes. For many of the included vege-
tabl e crops, southern California has a seasonal near-nonopoly. Mjor adjust-
ments in cropping patterns and cropping locations were predicted and cobserved
within the region in response to increasing anbient oxidant levels. After al
these adjustnents, a 3.01 percent decline in the sum of producer rents and
consuner surpluses occurred, with three-quarters of this percentage decline

being producer rents. The total on-farmvalue figure of $24 x 10° in Table 1
for eight field crops in five agricultural subregions of the eastern United

States might or might not be a reasonabl e approxi mation _qf the sum of producer
rents and consumer surpluses obtained, fromthese crops.— If the 3.01 percent
reduction is applied to the $24 x 10°gross on-farm value, a loss of $720 x
10, results. In 1978 rather than 1976 dollars, this would be about $828 x
107, a figure that is to be taken no nmore seriously than the credence one is
willing to give the anal ogi es and assunptions fromwhich the figure is
deri ved. If one were to include various fruit crops such as apples, oranges,
and peaches, |egumes and tubers such as peanuts and potatoes, and ornamental
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in the calculations (in 1977, the g.s. on-farm val ue of the productiO& of
these crops was nore than $4.0 x 107), the figure mght reach $1.0 x 10~

Forestry Effects

O all the potential effects of acid precipitation, the effects upon
forest ecosystems “seemto be |east understood. General qualitative descrip-
tions of what mght happen abound, however, e.g., Abrahansen and Dollard
(1978), Cowl ing (1978), Dochinger and Seliga (1976), and Tamm (1976). As with
agricultural systems, the health of forest ecosystens can be affected directly
and indirectly by acid precipitation. Moreover, the health states can be
aided as well as hindered [Tveite (1980)].

Detrinental direct effects upon the physiological and netabolic processes
of forests are likely to occur when foliage intercepts acid precipitation.
Reductions in |eaf areas, excessive |eaching of organic nmaterials, cuticular
erosion, necrosis, and reductions in photosynthesis and the cycling of nut-
rients to other system conponents are all regarded as likely events. However,
Abr ahansen and Skeffington (1979, p.D.2.1) note that carefully docunented
field cases relating necrosis to acid precipitation do not exist. Qur search
of the literature has not turned up field denonstrations of the other effects,
al t hough thev all haveg?een found for one or nore tree species in controlled
experimental settings.— All of these studies of particular types of effects
fail to make clear how the observed effect is related to tree growth. There
nevert hel ess appears to be a consensus that the physiologically nmost active
devel oping tissues are the nost sensitive [Knabe (1976) 1.

Neither the field nor the experinmental studies of the effects of acid
precipitation on tree growh have yielded consistent findings. In fact
findings of no effects or positive effects of acid precipitation upon tree
growh domnate the literature. The results reported in a recent paper by Lee
and Weber (1979) are typical. These authors subjected the seeds of eleven
tree species, including Douglas fir, eastern white pine, yellow birch, sugar
mapl e, sumac and hickory, to an artificial rain containing enough dilute H_SO
to lower rainfall pH levels to 4.0, 3.5, and 3.0. The plants were exposel to’
these rains for three hours for each of three days a week over 1.5 years. In
general, acid precipitation had either no effect or a positive effect upon the
proportion of seeds that germinated and upon the top dry weight and root dry
wei ght of the germinated seeds. The soil solutions in which the seeds were
pl aced had high buffering capacities, causing the authors to infer that
what ever effects were observed were direct. In particular, they did find sone
negative effects upon foliage but they also frequently found enhanced rates of
growth. The latter they attributed to fertilization of the soil solution by
sul fur, nutrients leached fromthe plant surfaces, and increased plant uptake
of soil nutrients. For Tee and Weber (1979), the “stinulator” effects of
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acid precipitation over the 3.0 - 4.0 pH interval nearly always dom nated or
negated the “inhibitory” effects. The results of these authors thus support
Abrahamsen's and Dollard's (1979, p.8) statenent that: “Statistically
significant effects [in | aboratory settings] have been observed only when
applying ‘rain” with pi 3 or |ower.”

El sewhere, Abrahansen and Skeffington (1979, p.D.2.4) indicate that they
and their discussants “ could think of no evidence to indicate yield
reductions under treatnment with acid rain in laboratory conditions at
realistic levels of acidity (i.e., pHz4). Later on, they state that "...no
artifical acidification experinment has produced a growth reduction at pHs
equivalent to those commonly observed in rain, and sone have produced a
stinulation.” These stinulator effects of acid precipitation (or acidifying
deposition) have recently been broadcast in several w dely read periodicals,
e.g., Maugh (1979). The inplicit position would then seemto be that some
limted anpbunt of acid precipitation in excess of that which is natural has a
positive inpact upon plant growh, probably as an amendnment to sulfur and
nitrogen deficient soils. Gven that the tine interval over which these
positive amendment effects would occur is typically unspecified, one is |eft
to presune they would continue at |east as long as the amendnents continue.

Forest ecosystem acidification |eads to reduced nutrient cycling rates.
Not onlv can nutrients becone complexed at |ow pH levels, as for phosphates,
but deconposition of organic material is slowed. Mny potential deconposes
are less active or inactive at pH levels nmuch below 5.0, and protozoa and
earthworns are very rare in soils having pH levels bel ow about 4.0 (Abrahamsen
et al. 1976). Lohm (1980) observed that acidification decreased deconposition
rates for both needles and litter as well. as decreasing fungal | engths,
bacterial numbers and cell sizes. The results of Francis et al. (1980) also
suggests that acidification of forest soils may cause significant reductions
in leaf litter deconposition and reduce nutrient recycling rates in forest
ecosystens by slowing amonification, vitrification and denitrification. Tanmm
et al. (1976) found that even noderate additions of sulfuric acid to soils
produce obvious effects on nitrogen turnover rates

Besides affecting nutrients through reduced deconposition rates,
depressed environmental pH |evels depress nitrogen fixation. Deni sen et al
(1976) found that lowered pH | evels caused both the nitrogen fixing bacteria
Azot obacter and nitrogen fixing blue-green algae to disappear from the soil.

The net consequence for terrestrial ecosystens of decreased nutrient
cycling and increased nutrient |eaching caused by acidification is reduced

productivity [Abrahamsen et al., (1976); dass and Loucks (1980); Leivestad
et al., (1976)]. Such responses have been terned “self-accelerating oligo-
trophication” by Gahn et al. (1974). Acidification could reduce or renove
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nutrient pools, constraining the redevel opment of previous biomass |evels
[dass, (1978)].

Using nitrogen as his exanple nutrient, Tanm (1976, p. 237) presents a
flow di agram which places all of the preceding results in a nmobst neani ngful
perspective. W reproduce with minor adaptations his diagram as Figure 1.
Tamm (1976) states’that the diagramis nmeant to be a hypothetical represent-
ation of the effects of increased strong acid in a system where much of the
nitrogen supply cones “ from deconposition in an oraganic A horizon with a
high carbon/nitrogen ratio (>15).” This suggested structure is consi stent
with experinental. observations in which sinmulated acid precipitation contrib-
utes positively to growh, even though it is expected that, in the long-term
growth woul d decline once the buffering capacity of the soil is exhausted
Tamm (1976, p. 338) also notes that the structure could account for the
frequently observed experimental failure of line to enhance growth rates: by
immbilizing the nitrogen in organic matter, the availability of nitrogen to
the trees is reduced.

The only available estimate of the long-term effects of acidifying
deposition upon pH |levels and base saturation appears to be MFee, et al
(1976) . These authors estimated that for a “typical” mdwestern soil, precip-
itation with a strong and disassociated acidity of pH = 4.0 at 100cm annual ly
for 100 years woul d reduce soil base saturation by 19 percent and | ower soil
pH by 0.6; at pH 3.7 (a doubling of acidity) and PH 3.0, 50 and 10 years would
be respectively required to bring about the sane changes. If the soi
initially has a fairly high pH level, effects of this magnitude woul d probably
not be noticeable in terns of plant growth results; however, if the soi
already has low pH, it is generally thought [MFee (1978, p. 66)] that leach-

ing woul d ranidlv .increase. Generally, therefore, it is thought that
d (Leaching)/d(pH) > 0, inplying that the rate of loss of soil nutrients
woul d get progressively worse as time passes. It thus seenms that insofar as

forest soils are concerned, acid precipitation has all the attributes of
acquiring possible short-term gains in forest growth at the cost of probable
long-term losses in forest soil fertility. For both biological and econonic
reasons, it seems unlikely that liming can counter the fertility decline. In
addition to the previously mentioned biogeochemical argunment of Tamm (1976),
Ti sdal e and Nelson (1976, p. 428) note that “... particulate of |imestone
cannot nmove in the soil, and consequently they nust be placed where they are
needed.” Tilling linme into extensive areas of forest soils would seem both a
technical and an econom ¢ impossibility.— In anything other than geol ogical
time, accelerated soil acidification, therefore, appears irreversible.

Unfortunately, it is quantitatively unclear how the above reductions in

soil fertility will ultimately affect forest yields or the properties of other
forest ecosystem conponents (water storage, game aninal popul ations,
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aesthetics, etc.) that humans directly value. W were unable to discover any
inforgﬁtion what soever that related acid precipitation to the latter compon-
ents.— Jonsson and Sundberg (1972), in a frequently cited paper, suggest 2
to 7 percent declines due to acid precipitation in the annual growh rates of
forests in southern Sweden during the 1950-1965 period relative to 1896-1949.
However, Cogbill, .(.1976), in a sinple tine trend study of conparative tree
ring growmh in areas of eastern North Anerica subject to and free of acid
precipitation, could find no differences attributable to acid precipitation.
The trends he observed started no later than 1890, and continued until 1.972-
73. However, the credibility of Cogbill's (1976) results nust be tenpered by
guestions about the conparability of sites at which precipitation pH has been
measured [Perhac (1979)] ; the errors inherent in nuch of the field instrunment-
ation traditionally enployed to neasure pH [Glloway, et al. (1979)]1;:; and one
study [Frinks and Voight (1976)] which gives cause to believe that, at |east
in one area of Connecticut, the pH of precipitation has been rather |ow and
unchanged since the early 1900’ s.

Gven the enpirical. confusion that exists with respect to the ultimte
i mpacts of acidifying deposition on rates of forest growh, we choose to adopt
Jonsson’s (1976, p. 842) position that there is “ no good reason for
attributing the reduction in growh to any cause other than acidification.”
We adopt this position because it is consistent with existing know edge of the
biogeochemistry of forest ecosystems [e.g., Likens, et al. (1977)] as wellas
the economc |aw of variable proportions.

One’s willingness to accept estinmates, made using current price and
production data, of substantial positive benefits fromreducing forest expo-
sures to acid precipitation or acidifying deposition must be tenpered by
evidence that the current elasticity of substitution between |and and
intensive forestry is very high., Clawson (1976), for exanple, argues that the
following outputs of the national forest system can all be econonmically and
sinul taneously increased as follows: net arnual growth can be tw ce as great;
designated wi | derness areas can be four tines greater; outdoor recreation can
be doubled; and wildlife stocks and water storage can be nodestly increased.
MIler (1978), while considering endangered animal species, also enphasizes
that inproved nmanagenent techni ques have great potential for maintaining
existing wildlife stocks now suffering from environnental stresses. Hair,
et al. (1980, pp. 514-519) note that if all opportunities offering at least a
four percent net annual return on all forest land. in the South were to be
exploited, the region’s 1976 net annual tinber growth woul d have increased by
86 percent. In the Northeast and North Central regions, the corresponding
increase offering a similar mninum return would have been 25 percent. Berk' s
(1979) recent finding that private forest owners act as if they faced a real
before-tax interest rate of only five percent is consistent wth nmanagenent
behavi or which fails to exploit the opportunities that Hair, et al. (1980)
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think to exist.

In Mnnesota and the states east of the Mssissippi River, thge were,
according the the U S. Forest Service (1978, pp. 1, 97), 229.8 x 10 acres of
comerci al and prod%ctive reserved forest land that had a pet annual 1977
growth of 6.12 x 10~ cubic feet of softwods and 7.51 x 10° cubic feet of
har dwoods.  Lerner (1978, p. 735) indicates that 1977 stunpage prices in 1978
dollars for the softwoods averaged about $1.30 per cubic foot, while for
har dwoods they were about 50 cents per cubic foot. Jonnsson and Sundberg
(1972) and Panel on Nitrates (1978, p. 577) judge that a reduction of five
percent in net annual growth falls within the interval of reduced growth one
m ght reasonably expect from the acid precipitation now falling upon Scan-
dinavia and eastern North Anerica. |If the precipitation in Mnnesota and the
states east of the Mssissippi River were pristine (pH5.65), a five percent
ingrease in 1977 net annual growth of softwoods woul d have ambunted to 310 x
10 cubic feet. Hardwood net annual growth would have increased by 375 x 10°
cubic feet. Assuming these increases would not have appreciably affected
stumpage prices, the 1978 nmarket value of the additional softwood woul d have
been $404,x 10°.  The hardwood increase woul d have had a 1978 market val ue of
$188 x 10 . In 1978 dollars, the 1977 market value of the i%crease for both
sof t wods and hardwoods woul d, therefore, have been $592 x 10 .

The val ued outputs of lands devoted to forests are by no neans linited to
ti nber. These lands provide outdoor recreation, aesthetic satisfaction, water
storage, wldlife habitats, and a variety of other services. Unfortunately,
representative estimates of the value of the sumof these services are rare
The sole immediately and easily useful estimate we have been able to find is
the study of Calish, et al. (1978). These authors, in a rather nonrigorous
but nevertheless extrenely clever and interesting paper, estimated that the
1978 annual non-tinber value (in terns of harvestable game aninals and fish,
water flow, nongane wildlife diversity, visual aesthetics, and prevention of
mass soil novenent) of a representative Douglas fir forest in the Pacific
Nort hwest was $87 per acre. Assune that this sane val ue per acre can be
applied to eastern forests; and further assune that current levels of acid
precipitation reduce these non-tinber values in the same proportions as was
assuned for the tinber values, i.e. , bv about five percent. Calish, et al.
(1978) attribute about 11 percent of the $87 per acre to the production of
harvestable fish, inmplying that $77 per acre consists of non-tinber values for
whi ch we have not ot herw se account ed. Five percent of this $77 is $3. 85.
Thus, if pristine precipitation were to replace acid precipitation in
M nnesota and east of the Mssissippi River, these procedures inply that 1978
non-tinber values in this area would have annually increased by ($3.85 per
acre) (299.8 x 10° = $1.15 x 10° Adding the Bimber and non-tinber val ue

increases yields an annual benefit of $1.75 x 10~ in 1978 dollars. Assuming a
15 percent discount rate and that this increase could be sustained
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indefinitely, a discounted value of $11.66 X 1& results.

Aquatic Fcosystem Effects

Contrary to the forest and forest soil effects of acidification, a sub-
stantial anount of economically useful quantitative information is available
about the aquatic tcosystem effects of acidification. McFee (1976) conject -
ures that sonme soils in Scandinavia and eastern North Anerica have been
subjected to acid precipitation for approximately a century. Only within the
| ast decade or two, however, are the soils thought to have become sufficiently
acidified to influence the pH levels of inflows to fresh water bodies.
Because of this relative i mediacy, changes in the biota of these water bodies
have been observed rather than being considered as historically preordained.
In addition, there has for several decades been an historical record of the
i mpact of acid mine drainage upon the biota in the streams of the Appal achi an
region. Barton, (1978, p. 314) states that in the United States 10,000 mniles
of streans and 29,000 surface acres of inpoundnents and reservoirs “.. . are
seriously affected by nine drainage.”

Declines to about 6.0 in the pH | evels of fresh water bodies reduce
prinmary production. Since primary production is reduced, detritus derived
from the decay of plankton tends to disappear. As a consequence, water
transparency increases, detrital material decreases, and there are increases
in soluble alumna, irons, magnesia, and trace netals such as cadm um and
mercury. The phytoplankton and zoopl ankton speci es which survive are
obviously acid-tol erant, perhaps because they are resistant to heavy netals.
However, they also concentrate these metals which, in turn, mav make them
toxic to many fish and bottomdwelling (benthic) organisns. Al though fish and
insect kills occurring during heavy rains and spring snowmelts have been
frequently observed [e.g., Gjessing, et al. (1976, p. 65)1, the mmjor effects
upon fish and insects are thought to stem from reproductive and recruitnment
failures caused by calciumnmetabolismdifficulties, the accumulati on of heavy
netals in parents, and the exposure of those young that are produced to these
netals [Fromm (1980)]. Schofield (1976, p. 229) indicates that increased
salinity tends to nake fish nmore acid-tolerant, apparently, according to
Packer and Dunson (1970), because it enables fish to replace the body sodi um
| osses that |ow pH causes. The reproduction failures can result in extinction
of the species in acidified water bodies. Almer, et al. (1978, pp. 303-307)
cite several cases where surviving individuals of some game fish species grew
nore rapidly and were of larger size than were sinmilar individuals in |ess
acidified water bodies. They attributed this to the |essened conpetition for
the avail able food stock.

Both Almer, et al. (1978, pp. 308-309) and Gorham (1978, pp. 41-42)
remark upon the possible inplications of altered (generally reduced) diversity
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and biol ogical productivity of aquatic flora and fauna for organisns such as
anphi bi ans, birds, and manmal s who spend inportant parts of their life cycles
in and around aquatic environnents or who are dependent upon these
environnments for sonme or all of their food supplies. A ner, et al. (1978),
tell of fish- eating birds such as |oons who have migrated fromacidified
lakes in Sweden to sites with nore anple food supplies. Gor ham (1978)
expresses concern for the inpact upon npose popul ations and distributions if
production of the aquatic plants formng parts of their diets is inhibited.
Birds of prey, such as eagles and osprey, and gane birds, such as mallards and
wood ducks, could be subjected to altered popul ations and distributions from
reductions in their aquatic food sources. Little seens to be known, however,
about the ease with which these aninals could substitute nonaquatic food
sour ces.

In the following pages several attenpts will be nmade to devel op rough
economni ¢ values for the aforenentioned aquatic ecosystem effects. Each
attempt is nmade in order to exploit a particuar type of natural and/or
econonic information. The neasures devel oped are not additive. Most
inportant, as is the case throughout this report, all the neasures are and
very sensitive to minor perturbations in assunptions.

Al'though the criteria he uses for determning whalt is and is not '"fish-
able" are unclear, Todd (1970, p. 303) shows 19.14 x 10  acres of fishable
fresh-water streams and | akes in Mnnesota and the states east of the Missis-
sippi River. This excludes the Geat Lakes which have an area of 38.00 x I0
acres. Adans, et al. (1973, p. 43) indicate that about 23 percent of the
approxi mately 168 x 10 people twelve years or older then living in this area
passed an average of 7 days fishing in the sunmer quarter of 1972. This
represents 270 x 10 fishing activity days. No reliable information could be
formed giving the seasonal distribution or the fresh-salt water distribution
of fishing activity days. W, therefore, assunme that 85 percent of this
fresh-water fishing occurs during the sunmer quarter. Upon making the adjust-
ments called for by these assunptions, we are left with 287 x 10 fishing
activity days in Mnnesota and the states east of the Missisgsippi in 1972. W&
assune that the nunber of activity davs in 1978 was 300 x 10 nore-or- |ess.

A nunber of studies of varying degrees of sophistication are available
whi ch purport to give the representative wllingness-to-pay for an additiona
fresh-water fishing activity day. These estimates are distributed over a
range from 10 to 30 mid-1970's dollars. The S20.72 unconpensated consumner
surplus estimate obtained in 1972 by Gordon, et al. (1973) is adopted here
Assumi ng that increases in real income, in the value of tine, and changes in
relative fishing costs have not altered this figure, this amunts to $32.30 in
1978 dollars. If the marginal value of a fishing activity day is a constant
regardl ess of the availability of opportunities to catch fish and if no
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fishing occurs in the absence of fish, the extinction of fresh-water fish life
in Mnnesota and the states easg of the Mississippi River would have resulted
in economic |osses of (300 x 10 activity days) ($32.30) = $9.69 x 10°in 1978.
Assum ng the nunber of fishing days is linearly and inversely related to the
acres of fresh-water having fish populations, and if Tables 1 and 2 from
Chapter IIl are to«be-believed, well over half this |oss would occur before
all fresh-water in the aforenentioned area reached a uniformpH | evel of 6.0.
If large regions in the general area retained pH levels for fresh- water at
6.5 - 8.0, even though the average pH over the entire region was 6.0 or |ess,
the econonic |osses would be a great deal less. This is because fishernen
woul d readily be able to substitute away from an acidified to nonacidified
bodi es of water.

The recreational value of the fresh-water resource in Mnnesota and the
states east of the Mssissippi is clearly rot limted to fishing activities.
One nmjor additional use is for hunting, particularly waterfow hunting.

According to Todd, (1970, p. 303), there exist in this area 48.83 x 10°acres

of natural wetlands “... of significant value to fish. and wildlife.” |n 1980,
the U S. Water Resources Council (1968) projected that the nngber of
water-rel ated hunting activjty days in the area would be 220 x 10 . This was

projected fromthe 162 x 10 days taking place in the sane area in 1960. On
the other hand, the US. Fish and Wldlife Service (1972, p. 31) estimated the
number of 1970 waterfowl hunting activity days by people 12 or nore years old
to be 17.58 x 10 . Since, relative to fishing activity days, this seems nore
plausible, we enploy it here. Hammack and Brown (1974, p. 29), in their study
of the value of waterfow, found that the average waterfow hunter passed 9.7
davs each season engaged in the activity, and acquired a consumer surplus of

$247 (= $462 in 1978 dollars) fromthe right to hunt during the 1968 season.

Even if fresh-water pH levels were universally to drop to 4.0 or less
t hroughout the region east of the Mssissippi, it cannot be assumed that all
waterfow in the region would di sappear. Some invertebrates that constitute
part of the diet of waterfow would survive. More inportant perhaps, there
are | and-based food itens (such as agricultural grains) that waterfow n ght
empl oy as a substitute food source. Nevert hel ess, it should be noted that
several very inportant hunted species of waterfow currently get 50 percent or
more of their food supplies from aquatic sources. Martin, et al. (1961)
state, for exanple, that 50 to 70 percent of the diets of the nallard, the
bl ack, and the commpn goldeneve ducks consist of aquatic insects, crustaceans,
and mol lusks. Moreover, the habitats of these birds, especially the nallard,
tend to be the ponds and shal |l ow lakes thought to be nore susceptible to acid
precipitation. Of the waterfow hunters in the Hammack and Brown (1974, p.
39) sanple, 47 percent stated that mallards were their first preference in
wat erfowl hunti ng.
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Gven the alnost total lack of information on the inpact of fresh-water
acidification upon the population and distributions of waterfow, we choose to
make some quite arbitrary assunptions. In particular, we assune that a
representative nmenber of a representative species currently obtains half its
food supply fromfresh-water aquatic environnments. Tt, therefore, has sone
ability to substitute food fromterrestrial or marine environments for the
fresh-water source’without having to alter its location in any given season
W thout guidance from any source, we assune that the destruction by acid-
ification of the acid-intolerant portion of the fresh-water food supply for
waterfow wll result in a reduction of 20 percent in the waterfow population
during the hunting season in Mnnesota and the states east of the M ssissipp
River. Further assune that the elasticity of waterfow hunting activity days
with respect to waterfow populations is 0.5. If the nunber of waterfowl
hunting activity days in the region of interest was approxinmately 30 x‘18 in
1978, the assumed elasticity and reduction in waterfow population inplies a
drop in 1978 activity days to 28.5 x I0". If the margi nal value of an
activity day is a constant, the Hammack and Brown (1974) estimate of the
consumer surplus obtained fromthe right to hunt waterfoM inplies an activity
day valuation of $462.00/9.7 = $47.63. The ten nmillion day reduction in
waterfow hunting activity days, therefore, yields a 1978 econonic |oss of
$71.45 x 10 . Gven our long chain of arbitrary assunptions, we conclude that
an estimate of 70 million dollars is reasonable. It is inmportant to note
however, that Hammack and Brown (1974, p. 63) found that waterfow hunters
could annually shoot 76 percent of the waterfow in the Pacific flyway w thout
reducing the breeding population. It seems unlikely that fresh-water acidifi-
cation woul d have an effect upon recruitnent of this magnitude. One might,
therefore, conclude that fresh-water acidification will cause no changes in
wat erf ow popul ations and distributions and thus no economic |osses will be
i ncurred. In cases where waterfow and fish have been conpeting for the sane
aquatic insects, it may be that acidification by reducing fish populations
will reduce conpetition for the aquatic insect food source and thereby enhance
wat erfow popul ations.

If the food supplies of waterfow are harmed. by fresh-water
acidification, it follows that the food supplies of birds that are not legally
hunted will also be harmed. The diet of the osprey consists entirely of fish,
whil e bal d eagles.are nostly dependent upon fish for food. Cranes, including
the sandhill crane, utilize a variety of aquatic vertebrates and invertebrates
for food sources. 1In spite of the possibility that these and other birds wll
suffer population declines from fresh-water acidification, we have no basis
what soever on which to fornulate a guess at the economnmic losses a popul ation
decline might entail. Not only do we lack any quantitative information on
popul ation responses to acidification, we also |ack any information about the
val ues people place upon encounters with these birds
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A somewhat sinilar problem exists for nammal s dependent upon aquatic
ecosystens for part of their food or even for their everyday habitats. These
woul d include, for exanple, racoon, mnk, nuskrat, marten, beaver, river
otter, and even npose and black bear. No readily available information exists
on the popul ation responses of these animals to acidification-induced
perturbations in theix aquatic food sources or habitat. Nor does any econonic
information exist on the value of an encounter with these animals. Economi ¢
i nformation does exist, however, on their nmarket value when they are killed
for their furs. The U S. Water Resources Council reports according to Todd
(1970, p. 270) that in 1966, 7.0 x 10" “fresh-water dependent” fur-bearing
animals were captured in Mnnesota and the states east of the }é[ississippi.
These animals, in 1978 dollars, had a market value of $26.7 x 10, or
approxi mately $3.80 per aninmal, assunming the resources enployed in their
capture had no valuable alternative uses. Measured solely then in terns of
the worth of their fur when captured, the econonmic inpact of a fresh-water
acidification~ induced population reduction will be minor. Again, however,
this disregards the animals’ value in terns of sinple observations during
encounters as well as the value they contribute to hunting recreational
activities.

Boating and swinmming are additional recreational activities that con-
ceivably could be affected by reductions in the pH of fresh-water. However,
in a study of the acid nine drainage problemin the Appal achian region,
Robert R Nathan Associates (1969) was unable to find any variation in boating
and/or swimming activity days with respect to different levels of pH This is
not too surprising since it is generally recognized that boaters and swi mers
respond negatively to increased turbidity. Kramer (1978, p. 354) notes that
there is an approxi mate doubling in transparency, neasured as Secchi depth,
for each unit decrease in pH over the 6.5 - 4.5 pH interval. He attributes
this “... to the dissolution of iron and manganese colloids and the decrease
in organic detritus with decreasing pH due to decreasing photosynthesis” (p.
354) .

Added to all the above results nust be the commercial value of captured
fresh-water fish. In 1965, Todd (1979, p. 270), u§ing data fromthe U S

Water Resources Council, estimated that 2801.6 x 10 pounds of "fresh-water-
dependent” fish were caught in our region of interest. The market val ue of
these fish was $196.2 x 10 (=$404.2 x 10°in 1978 dollars). Sixteen percent
of this catch, was either fresh-water or anadronpus species. Assum ng the
resources enployed to catch this sixteen percent had no valuable alternative
uses, if these fresh-water or androgous species were to be extinguished, the
annual loss would ampunt to 65 x 10 1978 dollars. This includes the extinc-
tion of the catch fromthe Geat Lakes.

Wien all the preceding effects of acid precipitation upon fresh-water
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ecosystens in M nnesota and the states east of the M ssissippi River are
summed, one obtains 1978 annual benefits for preventing pH levels falling
below 4.5 - 5.0 for all fishable fresh-water bodies in this area of $10 to $11
billion. Nearly all the benefits are attributed to the namintenance of
recreational fishing opportunities. Tt nust neverthel ess be enphasized that
the econom c. and biolegical analvses on which these estinmates are based have
weak. analytical foundations. Given those limits, sonmewhat nore creditability
m ght be achieved by adopting a different approach to assessing the benefits
of acid precipitation control.

If the acidification of fresh-water does negatively influence ecosystem
attributes that human beings value, one would expect these negative influences
to be capitalized into land that offers ready access to these valued attrib-
ut es. In particular, economc theory predicts that land prices will be
consistent with the values people attach to the differences in these advan-
tages of access. Freeman (1979) outlines the circunstances in which these
prices will reflect the variations in consuner surplus generated by the
differences in access advantages.

Adans, et al. (1973, p. 111-110) present estimates by farmi ng region of
differences in the 1972 per-acre value of recreation land with and w thout
water. For the states east of the Mssissippi River, the nedian difference by
regi on appears to be about $1,250 per acre. Recreation land wthout water is
general |y about 33 to 50 percent the value of land with water. [f the val ues
of both types of recreational |and behaved as did farmreal estate values
between 1972 and 1978, their values approximately doubl ed [Econom ¢ Research
Service (1978)], inplying that the $1,250 per acre difference in 1972 had
increased to a $2,500 per acre difference by 1978.

Excludng the Great Lakes, Todd (1-970, p. 301) finds that there exist
21.86 x 10 acres of inland water available for recreation in Mnnesota and
the states east of the Mssissippi. This is somewhat greater than the 19.14 x
12% acres that he gconsiders to be “fishable” (p. 303),OF this “fishable”
acreage, 3.83 x 10 is in streans, leaving 15.31 x 10 acres in natural and
man- made | akes, exclusive of the G eat Lakes. Assune that each surface acre
of fishable freshwater |akes, excepting the Great Lakes, is associated with
one riparian acre. This one acre figure is a judgment fornmed by using a table
in Todd (1970, pp. 126-127) of the surface acreages and shoreline |engths of
the largest lakes in each state of the United States. Man-nade |akes tend to
have shoreline m|eages about 10 times as great as the square nileages of
their surface areas, while the shoreline nileages of natural |akes tend to be
about half as great as the square nileages of their surface areas. W
estimate then, that of the nearly one billion acres of the surface of the
gl obe contained within the boundaries of Mnnesota and the states east of the
M ssi ssi ppi, 15.31 x 1(? (or 1.6 percent) of them are riparian to | akes and
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ponds.

Added to the | ake and pond riparian acreage nust be the acreage that is
riparian to rivers and streams. Mnnesota and the states east of the Mssis-
sippi contain about 36 percent of the 260,000 streamniles in the 50 U S
states, nmeaning that they have about 94,000 stream mles. Assuming 50. 66
riparian acres per 'stream nmile, these 94,000 streamniles yield 4.76 x 10
riparian stream acres. By way of contrast, this means that we estimate 1.24
of riparian acres per acre of stream surface water, as opposed to the one
riparian acre estimated for each acre of |ake and pond surface water.  Upon
summing the estimated stream and | ake and pond riparian acreages for M nnesota
and the states east of the Mssissippi River, we obtain 16.55 x 10 acres.

Now | et us consider under sone extremely Strong assunptions what the
extinction of fish life on these 16.55 x‘lg acres mght nean for their
values. According to Unger, et al. (1976, pp. B.6 - B.8), there were 1.70 x
10" fresh-water rel %ed recreation activity days in 1970 in the Urited States,
of which 0.63 x 10~ days, or 37 percent, were devoted in sonme part to
fresh-water fishing. O the estimated $2,500 per acre difference in 1978
bet ween the val ues of recreational |land with and w thout ready access to
water, we presune that exactly 37 percent, or a $925 premiumis attributable
to the fishing access the former offers. If the gane fish in all of the
waters to which the above nmentioned acreages are riparian were sinultaneously
to di sappear forever, the total value of these acreages would then decline by
($925) (16.55 x 10°) ~$15.32 x H?.

Earlier, using recreational data on fishing activity days and the
consuner surpluses associated with them we estinated that the disappearance
of all game fish would have generated annual |osses of $9.69 x 10 in 1.978.
If these |l osses were to continue in perpetuity, and if they were all to be
capitalized into the values of riparian acreages, a discount rate in excess of
200 perceﬁtgwg?d have to be applied in order to yield a present value of only
$15.32 X 10°.,— This hardly seens realistic. Wen a nore reasonable discount
rate of 15 percent is applied to this presuned present value for riparian
property | osses of $15.32 x 10°, one obtains annual |osses of $2.0 x 10°
Lower discount rates inply still lower annual |osses. For example, a di scount
rate of 5 percent. inplies annual |osses of only $0.73 x 10. On the other
hand, if one applies a 15 percent discount rate to the earlier estimte of
$9.69 x 10 in annua %Psses, one obtains a present value for this stream of
| osses of $74.29 x 10~ , a considerable anount of wealth indeed

Before rejecting the previous $9.69 x 10° annual |oss estimate in favor
of an annual |oss estinmate derived froman equally limted treatment of the
annual |osses inplied by reductions in riparian property values, it is
important to keep in mind that these latter |losses are related only to the
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| osses in consuner surplus suffered by the riparian property owners plus the
fees they might collect from present and future fisherman who w sh to gain
access to fresh-water bodi es over present owners’ riparian lands. |n the
great mmjority of cases, these fees are not collectable because of the costs
of policing access. One can thus make a strong argunent that the inpact of
acidification upon*riparian propertv values, even if the structural conditions
outlined by Freeman (1979) are fulfilled, must be a substantial underestimate
because of the failure to register the surpluses accruing to fisherman who
have free access over the |and.

The preceding accounting, in addition to its rather severe linmtations in
terms of economic analysis, fails to consider the actions private and public
bodies might undertake to ameliorate the effects of acid precipitation. In
particular, one might lime and/or restock acidified fresh-water bodies. The
ecol ogi cal evidence for the likely restorative successes that can be achieved
by liming is mxed. As for restocking, if one is willing to devote the
requisite resources, it is perhaps a feasible technical alternative. Whatever
the technical and financial feasibility of either or both of these restorative
procedures, it nust be recognized that some set of decisionnmaking bodi es nust
be fornmed and maintained to inplement the restorative procedures. Given the
conmon property attributes of that which is to be restored and the public good
nature of the restorative and restocking actions, one mght reasonably have
serious doubts about whether effective massive restoration and restocking
prograns can be fornmulated and inplenmented.

In principle, the limng of fresh-water bodies will sinultaneously serve
to raise the pH values of the water and to make the heavy netal s abundant at
| ow pH substantially |ess available biologically. Hagerhall (1979) estimated
that in 1973 it would cost $45-70 x 10" to acquire and apply one million tons
of CaCO in Sweden. Assuming simlar costs in the United States, this amounts
to $66-103 per ton per year in 1978. He also states that apparently a one-
tine applicatjon of 30-50 x 10 tons of CaCO_. (p. 10) would suffice to return
22.24-27 x 10 acres of Swedish |akes to the % pH states at the beginning of
the 20th century, if acid precipitation were to cease. Sinply to counter the
current yearly increnent in acidification over this lake area would, according
to Hagerhall (197,9, p. 10), require the annual application of one nmllion
tons of CaCO_. Thus restoration bv lining in 1978 to pH levels of the ear:ly
20t h century would require a one-time outlay from (30 x 10  tons/27 x 10
acres) ($66) = $73.33, to (50 x 10 tons/22 x 10 acres) ($103) = $234.09 per
acre. The nid-range of this interval is $150 per acre.  Thus, always remem
bering the limts of the analysis, if all the 19.14 x 10 acres of fishable
fresh-water bodies in Mnnesota and the states east of the M ssissippi River
were to beconme acidified in a fashion simlar to the aforenentioned Swedish

| akes, a one-tine 1978 outlay for limng of $2.87 x 10 would be required to
return themto pH levels in excess of 6.0. However, if the nunber of
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acidified fresh-water acres is extended to the natural. wetlands “.. . of
significant value to fish and wildlife” [Todd (1970, p 3031, this estimate
increases to !(48.83 x I06acres) + (19.14 x 10 acres)] $150 = $10.20 x 10°
On an annual i zed basis, using a 15 percent rate of discount, these one-tine
outlays are respectively equivalent to $430 x 10 and $1.53 x 109.

Assumi ng the $150 per ton cost figure for the purchase and application of
CaCO_ to be reasonable, a rough check on the above estimtes can be obtained
by exploiting a statenent of Holden's (1979, p. 11).

. . -1 . .
“An alkalinity equivalent to 2.5 ugl = calcium carbonate requires

the solution of 2.5 g. metre . A lake of 10 ha with a nean depth of 2 m
(a small lake), requires 500 kg of dissolved cal cium carbonate, and

probably ten times this anpunt of th% solid to obtain sufficient in
solutjon. A streamflowing at 1 m’s-" would require about 80 tonnes
year in solution. These quantities nust be maintained each year. ..”

Assune that the |ake Holden (1979) describes is representative of npst
| akes in Mnnesota and the states east of the M ssissippi River. Furt her,
assune that, because of the greater ability of streans to dilute materials,
that representative streans annually require the injection of twice as much
CaCO_ as do the representative |akes. Gven that “sufficient” solution of
CaCO,requires the injection fromall sources of ten tines as much i_n
soliafornl this is stating that each acre of our representative |ake annually
requires the introduction of about 450 pounds of CaCoO . Streams, therefore
by our assunpti on, reqiire 900 pounds of CaQo,for eaalacre of their surfacg
areas. The 15.31x10acres of fishable freshwater | akes and the 3.83 x 10
acres of fishable fresh-water streams in Mnnesota and the states east of th
M ssi ssi ppi River, therefore, requre the annual introduction of (15.31 x 10
acres) (450 pounds) + (3.83 x 10 acres) (900 pounds) = 5.17 x 10" tons of

CaC0, or equival ent. If all this CaCO_ had to be introduced by man, and if
each ton of CaCO cost $550 to acquire and inject, the total annual cost in
1978 woul d be $7?76 x 10"  This figure is much greater than even the one-tinme

cost earlier obtained using the data of Hagerhall (1979). Note, however, that
the estimate from Holden (1979) assunes that all CaCO_, entering these
fresh-water bodies is somehow to be supplied by man. If, for exanple, half
the CaC0,necessary to raise the pH level of a fresh-water body is naturally

supplied fromthe catchment area, the $7.76 x 1 cost estimate would have to
be reduced accordingly. However, if the 48.83 acres of wetlands “... of

significant value to fish and wildlife” are taken into account, and if one
assunes that the residence time of water in these wetlands is twice as long as
in Holden's (1979) representative lake (inplying that only half as much CaC%
is required as in the represengative | ake), then an additional (48.83 x 10
acges)(225 pounds) = 5.49 x 10 tons at an additional total cost of $8.24 x
10" woul d be required annually. Thus, at least in terms of the sets of

41



assunptions enployed here, the use of Holden's figures on limng requirements
leads to an estimte of the annual cost of linming nore-or-less simlar to the
value of the fishery that would be lost if fresh-water acidification were
al l owed to proceed unhindered.

The literature occasionally nentions two other alternatives to anelio-
rating the effects of extant pH For exanple, Swarts, et al. (1978) and
Leivestad, et al. (1976) find differences within fish of the same age and
species with respect to their ability to tolerate low pH  This raises hopes
for natural selection processes serving as a nmeans to nmintain natural
popul ations, given, of course, that the rate of toxic acidification deoes not
outstrip the rate of natural genetic inprovement in tolerance.

Alternatively, the awareness of differences in acid tol erance anobng
species raises the prospect, [e.g., Schofield (1976, p. 230)] for the selec-
tive breeding or genetic engineering of acid-tolerant individuals. These
individuals would then be used to restock acidified waters. However, if
acidification also has a mgjor inpact upon the popul ations of other fresh-
water organisns, it is unclear what the restocked fish would eat other then
their peers. A sinilar conment applies to all restocking programs, whether or

not with acid-tolerant individuals. Almer (1978, p. 307) neverthel ess
mentions several species in acidified waters which have substituted surviving
invertebrates for their usual food which consists of other fish. It thus

seens worthwhile to make sone estimates, even if exceedingly rough, of the
cost of restocking fish popul ations.

Pennett (1971, p. 89) presents a table showing average standing crops cf
various species of fish per acre of fresh-water. The species range from trout
and channel catfish to suckers and carp. The table was constructed to show
the relative nasses of the 19 species listed, given that sone species are
usual Iy seen in conbination with other species. The average of the nean
poynds per acre for the 19 species is approximtely 36. If there are 19.14 x
10 acres of fresh-water |akes and streans in Mnnesota andthe states east of
the Mssissippi River, this inplies that there are 689 x 10 pounds of fish in
these waters. éxccording to Lerner (1974, Table 332) the Federal government
spent $298 x 10 in 1973 for the maintenance of fish and wildlife populations.
Part of this nobney was spent to propogate and distrributé, » according to the
U S. Fish and Wildlife Service (1974, p. 27), 303 x 10 fish eggs. If, on
average, 5 percent of these eggs survive to one pound adults, and if all the
above $298 x 10 1973 Federal expenditures were for fish, then each pound of
adult fish cost the Federal governnent $19.67 (= $28.91 in 1978 dollars). For
obvious reasons, this is an overestimate. Nevertheless, even if the survival
rate is increased and/or the cost per adult fish is reduced, a substantial
annual outlay renains. G ven the extreme crudeness of the calculation, the
difference fromthe $10-11 x 10° estimated annual value of a loss of the
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entire game fishery in the region of interest does not seem sufficent to
concl ude, tentatively or otherwise, that the annual value of the inpact of
acid precipitation upon aquatic ecosystens is the cost of restocking game fish
popul ati ons.

Health Effects <« -

The Safe Drinking Water Conmittee (1977, p. 439) defines “hard” water as
that containing 75 mg/liter or nore of cal cium carbonate or the equivalent.
Increased hardness is indirectly associated with elevated pH  Although the
Committee does not adopt an unequivocal position, it does state that the body
of evidence for “soft” water being a causal agent in cardiovascul ar di sease
" issufficiently conmpelling so that ‘the water story'is plausible . ,.,"
(p. 447). Soft water has a relative lack of inorganic solute health-support-
ing agents such as cal cium nagnesium and manganese, and a rel ative abundance
of health-degrading netal agents such as cadmium |ead, copper, and zinc. In
addition, the effectiveness of several standard nethods (chlorination
filtration and sorption, etc.) for reducing concentrations of bacteria,
viruses, and protozoa in water intended for human internal consunption some-
times varies directly with pH

Qur brief review of the available evidence makes us reluctant to map

di sease incidence into the pH levels of drinking water. Nevert heless, it is
worth noting that quite small incidence due to the inorganic and organic
solutes and the mcrobiological agents whose human healt h-degrading potentials
are activated by |low pH levels can result in large econom c | osses. For

exanpl e, about half of the two million annual deaths in the United States are
attributed to the various cardi ovascul ar diseases. 1f only one percent of
these one mllion deaths were indirectly attributed to | ow pH drinking water
supplies, a toll of 10,000 deaths would result. In this context, it is worth
noting that the Safe Drinking Water Conmittee (1977, p. 447) states: “On the
assunption that water factors are causally inplicated, it is estimated that
optimal conditioning of drinking water could reduce this annual cardiovascul ar
di sease nortality rate by as nmuch as 15%in the United States.” Recent
economi c research [e.g., Thaler and Rosen (1975)] indicates the val ue of
safety from death. to be about $500,000 - $1,000,000 in 1978 dollars. Using
the lowest point in this range along with the one percent nortaljty
assunption, would then result in annual economi c benefits of $5 x 10 . Thi s
figure would be increased substantially if one were to account for the | osses
in life- cycle earnings (and inplicitly in labor productivity) due to
cardi ovascul ar di seases that do not now and perhaps never will result in
death. Bartel and Taubman (1978), while working with a panel of 40-50 year
old male twins, found that those with cardi ovascul ar di seases had their annua
earni ngs reduced by 20 - 30 percent relative to their healthy peers.
According to the National Center for Health Statistics, 15.7 percent of the
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1976 U. S. popul ation suffered from cardiovascul ar di seases [Lerner (1978, p.
120) ] -

The preceding makes it appear that the health inpacts and consequent
econom c effects of reduced pH in water used for internal hunman consunption
coul d readily be wvery. considerabl e. This assumes, however, that no anelio-
rative measures are available to either the consuner or the supplier of the
wat er . I[f at a cost less than the value of the health effects, these anelio-
rative neasures are able to raise pH to the levels that would exist in raw
wat er supples in the absence of above-background acid deposition |evels, then
the proper health effects benefits to ascribe to the control of acidifying
deposition are the aneliorative neasure costs avoided

Less than one percent of the water used by a community is consuned
internally by humans [Safe Drinking Water Conmittee (1977, p. 104)]. Assuning
that water consunption and fluid consunption are at nost trivially different,
this amounts to 1,000 - 2,400 m/day for adults under “normal” conditions, and
1,000 - 1,670 m/day for children aged 5 - 14 years [Panel on Low Ml ecul ar
Vi ght Hal ogenat ed Hydrocarbons (1978, p. 164)]. A representative figure for
the entire U S. population might be 1,900 nl/day or 2 U.S. gallons per cap-
ita/day. In 1970, 29.42 10" gallons were withdrawn in the U S. daily for
rural domestic (2.39 x 10 gallons) and nunicipal (27.03 x 10 gal | ons) uses
[ Econonmi ¢ Research Service (1974, p. 37)]. O these withdrawals, it is
probably safe to assume that all were treated as if they were to be used for
internal human consunption. Assuming no differences in per capita wthdrawals
for rural donmestic and mnunicipal uses across the United States, 1970 with-
drawal s in Minnesota and in the states east of the Mssissippi R ver were
19.12 % 10 gallons/day. Now nake the strong assunption that all ground and
surface waters east of the Mssissippi had pH | evels (and associated inorganic
and organi ¢ solutes and microbiol ogical agents) requiring the addition of 21.6
kilograns of lime per mllion liters (per 264,175 gallons). This figure
which is due to Randall, et al. (1978, p. 66), refers to a thinly popul ated
region in eastern Kentucky whose water supplies suffer from acid mine
dr ai nage. It therefore possibly has a | ow pH problem resenbling that which
woul d occur elsewhere if acid deposition becane severe and wi despread
Moreover, because of its small hunan popul ation, the area is unable to fully
exploit economnies-of scale inits water treatment activities. Its unit costs
of treatment are thus likely higher than in larger urban areas.

Randal |, et al. (1978, p. 66) estimated the average market price of the
“lime” used for water treatnment in their study region to be $0.095 per kil o-
gram presunmedly in 1976 doll ars. In assigning a cost to the limng
treatnment, they did not attribute any additional costs to the maintenance and
operation of treatnment facilities since the facilities would be required even
if there were no low-pH probl ens. Assuming constant unit and, therefore,
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mar gi nal costs, the total cost of providing linme treatment for 264,175 gallons
of raw water would be $2.05. G ven our previous assunptions about the
distribution of the U S. population and water withdrawals for rural donmestic
and nunicipal uses, this inplies that the daily cost of lime treatnments for
raw wat er supplies east of the Mssissippi R ver would be about $148,200
This anmounts to an’annual cost of $54 x 10 1976 dollars or $62.1 x 10 for
1978. O course, given the existence of acid nmine drainage in inportant
wat ercourses of the region as well as natural acidification due to soi

| eaching, much of this cost burden would have to be borne independently of any
acid precipitation problem Thus, the external costs (the environnmental costs
of increased mning activity for CaCO_ and its equivalents and the negative
health effects) of increased limng of raw water supplies would have to be
extrenely large (at |east as much as the value of the negative health inpacts
of increased acidity) to justify a refusal to ameliorate the health inpacts of
acid deposition by the limng of raw water intended for internal human
consunpti on.

Househol d, Commercial, and Industrial Water Supply System Effects

Reductions in the pH |l evels of water supplies may cause corrosion in
househol d, comnmercial, and industrial water conveyance systens and water-
usi ng appliances, thereby shortening their useful lifes and reducing the flow
of their services while in use. In the absence of aneliorative neasures, the
potential economc |osses fromthis corrosion could be severe. On the other
hand excessively high pH | evels can have sinilar effects due mainly to minera
deposits forming on the interior surfaces of the systens and appliances.

Several studies are available that assess the inpact of increased |evels
of total-dissolved-solids (IDS) and/or water hardness upon the economic life-
times of household and commercial water supply and use systens. Using an
ei ght percent discount rate, d'Arge and Eubanks (1976) estimate 1975 econonic
loses for a typical Los Angeles household to range from $620 to $1,010 in
present value terns for an increase in total dissolved solids from200 to 700
mg/l. This estimate is three to four times higher than estimates devel oped by
Tihansky (1973) for a similar TDS range throughout the United States. In an
appendi X to their_ study, d'Arge and Eubanks (1976, pp. 274-275) used data from
Bl ack and Veatch (1967) to explore the extent to which the ratio of TDS to
total hardness was inportant to the useful lifetimes of household conveyance
systens and water-using appliances. They found that increases in the ratio
made a statistically significant positive contribution to the lifetine of
garbage grinders and a statistically significant negative contribution to the
lifetime of wastewater pipes. Total hardness, when entered as a separate
expl anatory variable in a multiple regression, was negatively associated wth
the useful lifetime of faucets but the association was not statistically
significant. It thus appears that the acidification of water supplies, to the
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extent that it “softens” water in areas with “hard” raw water, could have
economi cal |y beneficial effects upon water conveyance systens and water-using
appl i ances. Nevertheless, if the effects of excessive “softness,” as induced

by low pH, upon useful life are nore-or-less symmetrical to those of excessive
har dness, the econom ¢ inpacts upon househol ds, and commercial establishnments
could be considerable.. Since the ferro-alloys, copper alloys, and brasses

used in household and commercial water supplv systens and water-using appli-
ances are also found in industrial systens and equi pnent, substantial economc
impacts could also be expected in these sectors.

In spite of the potentially |arge econonic impacts of |ow pH water upon
househol d, commercial, and industrial. water supply systens and water-using
appl i ances and equi prent, it does not appear useful to try to calculate the
magni t ude of these inpacts. The reason is that inexpensive neutralization
t echni ques using hydrated or calcined |inmes are readily avail abl e.

In the health effects section, we have calculated the cost of |imng
rural domestic and nunicipal water supplies. According to Todd (1970, p.
312), the “optimal” pH levels for donestic water supplies are about neutral
(pH = 7.0), although (p.320) the nmedian for the 100 largest U S. cities in
1962 was pH = 7.5. Thus, given that all rural domestic and nunicipal water
supplies are treated as if intended for internal human consunption, acidifica-
tion of raw water will have no extraordinary effects upon househol d and
comercial conveyance systens and appliances.

Many industries supply and treat their own process water. The USDA
Econom ¢ Research Service (1974, p.37) estimates that self-supplied industrial
water w thdrawal s (excluding steamelectric power) from fresh surface and
ground sources in the U.S. in 1.970 were 45.87 X 10°gal./day. According to
Todd (1970, pp. 329330), nost industrial processes require or are indifferent
to water with pHin the 6.0 to 9.0 range. In 1968 [Todd (1970, p. 221)],
about 72 percent or 33.03 X 18 gals./day of these withdrawals occurred in the
states east of the Mssissippi River and in Mnnesota.

Assurme that all of the self-supplied industrial fresh water east of the
M ssi ssippi and M nnesota has been acidified to the 4.0-4.5 pH range prior to
withdrawal . Further assume that in order for it to be used as a process water
its pH nust be raised to an average 7.5-8.0 across industries, and that it
woul d otherwi se require no treatnment prior to use. Thus , excluding the
possibility of tying into nunicipal systens, each plant will have to construct
and operate its own treatment facility. Qur presumed necessary increase in pH
happens to correspond to the pH increases experienced with several acid mne
wat er treatnent plants. For exanple, Bitum nous Coal Research, Inc. (1971,
pp. 133-134) reports total 1970 capital and operating costs of 97.3, 35.3, and
26.5 cents/1,000 gals. with a plant respectively processing 0.1, 1.0, and 7.0
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mllion gallons/day. They also report on another plant which experienced 1970
total capital and operating cost of 13.6 cents/1,000 gallons for treating an
average of 4.0 nmillion gallons/day. In each case, the pH of the acid mne
wat er was raised fromabout 4.5 to nore than 7.0. Barton (1978, pp. 351-354)
summari zes the experiences of one mne where water were raised from4.0 or
|ess to more. than 7.5. The commercial operation with 12,800 tons of |ing,

processed 3.4 X 10°gallons of water with an original pH of 4.0 and a finished
pH of 7.9 at 20 cents/1,000 gals.

Using a very fine and therefore nore costly linestone slurry, the pilot
plant raised a mne discharge of 2.8 pH tq 7.4 pH at estimated 1970 capital
costs of $55,000 to $766,000 for 100 X 18 to 600 X 10 gal s/ day operating

capaci ties. Estimated 1970 operating costs, including anortization, were
respectively 44 cents to 2 cents/1,000 gals. In the words of Barton (1978, p.
352) .

“Li mestone could be the preferable choice for treating nearly al
but the nost severly | oaded di scharges. It has the advantages of avail -
ability, |ower cost, reduced hazards, ease of application, sinplicity of
plant design, inpossibility of water overtreatnent, ease of storage, and
hi gher solids concentration of the precipitated sludge.”

A review of Todd (1970, pp. 246-274) nekes it appear that the nedian
wat er-using industrial establishment wthdraws about 1.0 million gals./day.
W therefore estimate, on the basis of the material presented in the preceding
paragraph, that, including anortization of capital facilities, a
representative 1970 total cost of raising 4.0 pH fresh water to 7.5 pH would
be 50 cents/ 1,000 gals./day. On a yearly basis, therefore, the 1970 total
annual cost of treating the 33.03 X"10 gals./day of self-supplied industrial
wat er withdrawn east of the M ssissippi could be $5.66 X 10 (=$9.51 X-1I0 for
1978). Even though it is fair to presune that the unit cost of Iinme and
treatnment plants might increase with an increase in demand of the nagnitude
posited here, it should al so be recognized that the posited increase in demand
is also probably vastly exaggerated. Not all fresh water east of the
M ssissippi is likely to suffer a reduction in pi to 4.0 or even 5.0. Mny
industries are fairly indifferent to quite low PH.  For exanple, in a survey
of the inpact of acid mne water upon patterns of industrial water use in the
Appal achi an region, Witman, et al. (1969) found that the nost inpacted
industry, primary netals, saw fit to raise the pH level of its cooling water
only to 5.0. This was acconplished at minor cost by integrating |ine
treatments with otherwi se existing water treatment facilities. Todd (1970, p
345) makes it appear that possibly half the industries in the United States in
1959 had their own treatment facilities. Finally, we hav; not consi der ed
possi bl e substitutions fromfresh to saline water sources. — The stated
estimate might therefore readily be exaggerated by nore than an order of
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magni t ude. One can be quite sure that it is not biased downward. G ven the
industrial treatnent facilities already ir place, we prefer to treat as
trivial the additional costs of treatnent attributable to acid precipitation.

Materials Effects

Several ‘studiés 6f the economic inpact of air pollution upon the usefu
lifes of materials have been published, e.g., Gllette (1975), Commissionon
Nat ural Resources (197 , pp. 616-619, 695-699), Kucera (1976), and Salmon
(1972). Nriagu (1978) presents an extremely thorough review of the physical
science literature on the effects of sulfur pollution on materials. A brief
review of the material effects of nitrate aerosols is available in Panel on
Nitrates (1978, pp. 417-418).

Acid precipitation (or acidifying deposition) accel erates the decay rates
of a wide variety of materials nainly because the presence of acids upon the
material surfaces increases the flow across the surfaces of the electric
currents that cause corrosion, discoloration, and embrittlement. Anpng the
netals, ferro-alloys, copper, and sone gal vani zed metals are known to be
particularly susceptible. In some cases (e.g. zinc), the dissolution of the
netal surface by acid precipitation is thought to increase the pH | evel of the
product, thus resulting in an even nore corrosive surface film  Carbonaceous
building materials, such as linestone and cenent, are nore rapidly weathered,
roughened, eroded, and stained. Paints are bleached and crystallized, and
their drying and hardening times are increased. The tensile strength of
textiles is degraded and textile dyes can suffer from fading. Losses of
tensile strength also occur in paper, as does discoloration. Oher cellulose
products, such as wood, suffer simlarly. Leather products deteriorate because
the acids break down their fibrous structure. As Nraigu (1978) enphasi zes,

t hese processes are further intensified for those materials, such as cenent,
concrete, and sone netals, often used in subaqueous and/or high tenperature
envi ronments.

The recent economic inpact studies of air pollution upon materials have
yielgxiestinates for the entire United States of |osses ranging fromthe $904
x 10°Gllette (1975) attributed to sulfur oxides in 1968, to the $3.8 x 1I0
Sal non (1972) attributed to all air pollution in 1970. None of these studies
provides any substantial basis for attributing a portion of their estinated
| osses to acid precipitation, although the decline in sulfur dioxide |evels
t hroughout nost of the eastern United States during the 1970's inplies that
i ncreased portion of whatever materials damages are occurring is attributable
to acid precipitation. Mst inportant, since all these studies basically do
little nmore than inventory sone existing naterials, attach a market price to
them and then use physical science estimates of increases in replacenent
frequency to obtain a total |loss estimate, they are susceptible to all the
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criticisns that can be directed toward nost of the estimates In this chapter
As Jass (1978, p. 34) correctly points out, many extrenely resistant
materials, such as alumnumclad steels, have been wi dely adopted in the |ast
decade; nost estimates relate to uncoated rather than coated gal vani zed
steels; the economc lives of many naterials are so short (e.g., paper) that
air pollution does not have tinme to affect themin a noticeable fashion; and,
that when a substitute material. is adopted, the cost differential often cannot
be assigned entirely to pollution since the substitute may have features that
reduce cost dinensions other than useful |ife. In addition to these factors
the available studies sometimes have failed to discount the stream of costs
properly. Moreover, all the studies have failed to consider that individuals
may choose sinply to bear a reduced stream of services froma material rather
than purchasing a replacenment, may alter behavior patterns so as to conpensate
for the stress that acid precipitation inmposes upon the material, and nay
adopt nmaterials more resistant to the ravages of acid precipitation. Finally
entire categories of useful materials such as |inmestone and concrete
structures, including dans and pipes, and autonobiles have had no econonic
attention devoted to them Gven the lack of econonically useful physical
science information and the lack of sound economic information, it is tenpting
to plead an absence of any basis whatsoever to nmake a judgnent about either
the fact or the potential for the econonic inmpact of materials danages from
acid precipitation and acidifying deposition. This is particularly so because
many of the factors for which information is lacking can have either a
positive or a negative econonmic impact. O those factors that are npst likely
positive, or nost likely negative, it is inpossible to tell which wll

doni nat e. One is thus unable to state whether any estimate of the total (or
mar gi nal ) inpact represents an upper or a lower bound.

In spite of the preceding, it should be recognized that the costs of acid
precipitation-induced materials decay could indeed be very substantial. The
Conmi ssion on Natural Resources (1975, p. 696) refers to studies which
estimated 1970 danmmges in Sweden to painted steels fromall corrosion of
$25. 00 per capita (= $41.98 in 1978 dollars). Fromthe same source, the
Commi ssion (197 ) quotes $23.00 per capita (= $38.64 in 1978 dollars) as being
the total annual cost of deterioration of painted woodwork associated with al
sources of deterioration. The studies from which these figures cone appear to
have at |east as .complete a physical science basis as any available, and no
worse an econonic basis than any of the extant studies

O her than the direct and indirect products of chem cal weathering,
soiling is the major source of reductions in the usefulness of nmaterials.
Sone of what passes for soiling (e.g., staining of the exterior stone surfaces
of buildings) may, in fact, be chenically-induced discoloration. W thus
presune that, in economc ternms, soiling is relatively mnor as opposed to
chenmical weathering. Some enhanced chem cal weathering occurs to materials
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| ocated near marine environments. This, however, is probably not an inportant
source except for those materials frequently exposed to sea breezes and/or
salt sprays. Sonme chemical weathering would naturally occur in humd areas
since pristine precipitation is sonmewhat acidic (pH = 5.65). Al these
factors suggest that the aforenmentioned annual per capita costs in Sweden of
the weathering fromall sources of painted steels and painted woodwork are
exaggerations of the ‘losses caused by the inpacts of acid precipitation upon
these materials. However, as we previously enphasized, these materials
constitute only a portion (though not a small portion) of the econonically
significant materials susceptible to acid precipitation-induced decay

To generate a nunber for the naterials damages caused by acid precipita-
tion, we assume that the current per capita exposures of the great bulk of the
Swedi sh population is very sinmilar to the per capita exposures of the popul a-
tion in the eastern part of the United States. W further assume that the per
capita mxes and magnitudes of painted steels and woodwork used by United
States residents residing in Mnnesota and east of the Mssissippi River are
simlar to those of the Swedes. A sinple multiplication of the sum of $41.98
for painged steels, and $38.64, for the painted woodwork, by the approximately
170 x 10 people residing in Minnesota and the states east of the Mississippi
River in 1978, yields a calculated annual |oss fromnmaterials damages of
$13.71 x 10°. It should be noted that this figure is an order of magnitude
hi gher than previous estimates of all air pollution-induced naterials danmages
over the entire United States. However, given both the physical science
econom ¢, and inventory accounting limtations of the previous estimtes (and
this estimate), it seens as likely to be an underestinmate and an overestimte
Nevert hel ess, given the difficulty and trivial gains to us in trying to
justify the discrepancy between the above weak estimate for materials damages
and those obtained by previous investigators, we do not deemthis exercise to
be a good forum for a display of intellectual stubbornness. Ve, therefore
state that materials danages are likely to be the largest category of the
types of acid precipitation-induced damages we have surveyed, but we have no
wish to assign to acid precipitation all materials damages that previous
investigators have attributed to air pollution. W, therefore, set the 1978
mat eri al s damages caused by acid precipitation at $2 x I0°, while recognizing
that the figure could plausibly be much Iarger.

Sunmary and Concl usi ons

Al though nost of the analysis has been rather primtive, the econonic
benefits likely to accrue to a variety of |life and property forns fromthe
control of acid precipitation have been surveyed. I't must be recognized,

given the robust techniques available for doing econonm c assessnents of the
effects of acid precipitation, that the estimated magnitudes presented in this

chapter cannot be justified indefinitely.
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On the basis of our survey and synthesis of a fairly large volume of
biol ogical literature and stock, price, and output information, we conclude
that if sufferers are viewed as either having to accept it or to take actions
at their own expense to negate its effects, it is very unlikely that the
current annual benefits of controging acid precipitation for existing
econom ¢ activities exceed $5 X 10 :gy 1978 dollars in Mnnesota and the
states east of the Mississippi River. Qur best estimates are that $2 x 10°
is_in materials benefits, $1.75 X 10°is in forest,ecosystem benefits, $1 X
10 is in direct agricul giral benefits, $0.25 X 10 is in aquatic ecosystem
benefits, and $0.10 X 1.0 is in other benefits, including health and water
supply systenms. The rational es supporting each of these sector estimtes are
presented in the chapter text. Wth the exception of a few instances where
anal ogies could be drawn with the results of other studies using nore robust
estimation t echni ques, al | these  estinates disregard acid
precipitation-induced price, activity, and location changes. W therefore
have substantially nore confidence in the rank-ordering by sector of the
current annual benefits than we do in our estimates of the absolute magnitudes
of these benefits.

If acid precipitation events continue to worsen, certain sectors could
readily climb in the above ranking. For exanple, aquatic ecosystens currently
have a relatively |ow position only because the geographical scope and
severity of the aquatic acidification problem does not yet seemto be |arge
enough to reduce substitution possibilities greatly across fresh-water fishing
and hunting sites. Because of the water and soil treatnent facilities already
in place that can readily be adapted to handle |imng procedures, the acid
precipitation control benefits accruing due to the prevention of human health
effects, indirect agricultural effects, and household, commercial and
industrial water supply systemeffects are now and are likely to continue to
be insignificant conpared to the other classes of effects. Large-scale |inmng
of aquatic and forest ecosystens appears to be neither technically or
econoni cally feasible.

The preceding conclusions are not the major conclusions we wish to draw
from our survey and synthesis of the acid precipitation literature. W are
unconvinced that either the above ordering or the above absol ute nagnitude
estimates of the: current annual benefits of control (even if correct)
constitute the really inportant issues to consider when evaluating the acid
precipitation problem Indeed, we are unable to reject the disconforting
notion that the effects for which one nay feel secure using these sinple or
the much nore sophisticated but still conventional methods of economc
analysis reviewed in Chapter | are those having the least |ong-term economc
si gnificance. I nstead, we suspect that these inportant issues relate to the
i npact of acid precipitation upon the stock and the assortment of natural
resources. The next two chapters consider the inplications of sone of these
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i ssues regardi ng resource stocks and assortnents for assessnents of the
benefits of controlling acid precipitation.
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o REFERENCES

1/

— 1t should be noted that there may be sonme exceptions to acid precipitation
acting as a sort of negative fertilizer. For exanple, Maugh (1979) reports on

a TVA-sponsored study which found that if the sulfur emtted by coal - burning
power plants in the Tennessee Valley region were renoved, and not replaced by
anot her sul fur source, crop production, especially cotton, would decline by at
| east 10 percent. Tisdale and Nel son (1976, p. 411) point out that raising
soil pH in the Deep South to nore than 6.0 may actually be harnful to yields.

2/

See Freeman (1.979) for a presentation of the conditions under which it
woul d be a good approximation. For the Adams, et al. (1979) study, the on-
farmval ue of the 14 crops was 16 percent |ess than the estinmated sum of
producer rents and consumer surpluses. \Wen cotton was excluded the non- farm
val ue of the 13 remmining crops was 20 percent |ess than the estimated sum of
the producer and consuner surpl uses.

3/ In a news item Rich (1979) reports that field studies in southern Pol and
have attributed drops of 13 to 18 percent in the photosynthetic activity of
pine needles subjected to wet and dry sulfur deposition. Dennis Knight of the
Departnent of Botany at the University of Woning infornms us that the Polish
investigators believe that this reduction is due to SO_ entering the |eaf
through the stomata and then being converted to H_SO, within the leaf. This
perspective nay be contrasted with the bul k of the published literature which
enphasi zes the growt h reduci ng properties of cuticular erosion and nutrient

| eaching fromleaves and soil. Apparently, the Polish studies have not yet
been widely distributed.
4/

In principle, the spreading of sufficient linme on top of forest soils

m ght raise pH before precipitation noves down the soil colum. Qher than a
vague statement by Rich (1979) on aerial lime spraying in Poland, we have
found no comentaries on either the technical or the econonmic feasibility of
this practice.

3/ If the forest growh effects of acid precipitation are viewed as anal ogous
to a selective cutting policy, one could draw upon the technical forestry
literature relating the effects of this type of cutting upon these com
ponents. W have not exploited the anal ogy here because of the likely wide
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variations in responses of the conponents to tree species mnixes, topographical
attributes, and other factors.

L) Let Vv be the present val ue (q$15 .32 x 10°) of the streamof |osses, let A
be the annual losses ($9.69 x 10°), and let r be the rate of discount. Then:

. ¥V =A (ﬁ)[l - (1+r)—m].
r

The termin brackets can obviously be disregarded when one is dealing with an
infinite future.

7/ According to the Econom ¢ Research Service (1.974, p. 37), 1970 self-
supplied industrial water fromsaline sources in the United States was 10.07 x
10" gal l ons/day. Tt is unclear, however, how this use is distributed over
ocean, estuary, and saline groundwater sources. The pH of any saline source
coul d obviously differ greatly according to the extent to which the acidic
fresh-water had been diluted by the saline water.

8/ , e . N

= In Hck's (1973) terns, the qualifying “if...” phrase indicates that an
equi val ent, as opposed to a conpensating, neasure of value is being em

pl oyed. In effect, it is assumed that those who cause acid precipitation,
rather than those who suffer fromit, have the de facto property rights to the
air resource. Moreover, since all our crude assessnents are in W lling-
ness-to-pay terms, they will be less than if the assessment had been made in
wi | lingness-to-accept conpensation terms [Randall and Stoll, (1980)].
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